We localized protein phosphatase Type 1 (PPI) in Paramecium cells using antibodies (specified on Western blots) against recombinant protein, amino-or carboxy-terminal peptides, or peptide segments containing both terminals and an intermediate segment. Cell fractionation and ELISA red e d high PP1 concentrations in cilia, corresponding to observations by immunofluoresence and immunogold labeling analyses. We compared ELISA results obtained with MnC12or detergent-mediated deciliation and immunolocalizations obtained with digitonin and saponinor detergent-mediated permeabilization. We observed that detergents at too high concentrations can displace the antigen from its original position. Quantitative evaluation of immunogold labeling revealed a predominant localization of PP1 in cilia, notably in the narrow space between the mem-brane and the outer microtubule doublets, as ascertained by immunogold labeling of Lowicryl sections obtained after rapid freezing and freeze-substitution. This localization to the periphery of cilia is compatible with previous suggestions of PP1 involvement in ciliary beat regulation, notably of cilia on the free cell surface. Immunolabeling occurs along the entire length of surface cilia. Despite much higher PP1 concentrations in cilia, ELISA values for absolute PP1 content were considerably higher in deciliated cells. This may indicate still other functional aspects of PP1. Along these lines, we also discuss the differences observed when immunochemical and enzymatic data are compared. (1 Histochem Cytochem 44:891-905, 19%) 
Introduction
Protein phosphorylation and dephosphorylation regulate a great number of cellular functions (Inagaki et al., 1994; Shenolikar and Nairn, 1991) . Among these is the regulation of ciliary beat activity in eukaryotic cells from ciliated protozoans, such as Paramecium, to ciliary epithelia in mammals. Although much has been learned from electrophysiological and biochemical studies, remarkable gaps still exist in the puzzle of ciliary beat regulation.
One method to obtain more insight into ciliary beat regulation in Paramecium is to switch from normal forward movement to ciliary beat reversal by depolarization (Eckert and Brehm, 1979) , or to accelerated forward swimming by hyperpolarization (Van Houten, 1994) . Data obtained thus far indicate a possible role of phosphorylation/dephosphorylation cycles (Schultz et al., 1990) . Ciliary reversal is triggered by increased free Ca2+ concentrations via activation of voltage-dependent Ca2+ channels localized in ciliary membranes (Cohen et al., 1990; Schultz et al., 1990; Thiele and Schultz, 1981; Eckert and Brehm, 1979) .
Among the -180 proteins known in cilia, several are phosphoproteins (Eistetter et al., 1983; Lewis and Nelson, 1981) . In analogy to other ion channels, this might also include the Ca2+ channel protein. In vitro, axonemal dynein (Walczak and Nelson, 1993) and other axonemal proteins (Hamasaki et al., 1989) can also be phosphorylated by different kinases. Several protein kinases have been localized to cilia, e.g., the CAMP-activated PKA (Bonini and Nelson, 1990; Mason and Nelson, 1989) . According to cell fractionation studies, protein phosphatase Type 1 (PPI) may be preferentially bound to ciliary membranes (Klumpp et al., 1990a,b) . A ciliary membrane protein of 42 KD is a substrate for PP1, although its identity to or association with the Ca2+ channel remains uncertain (Klumpp and Schultz, 1991) . Inhibition studies have provided circumstantial evidence for PP1 regulation of Ca" channelmediated ciliary reversal (see Discussion).
An important functional aspect emerging from the literature is the reversible binding of protein kinases to their targets by spatial redistribution on stimulation, whereas phosphatases appear to 891 remain in close association with their targets to allow a relatively quick and coordinated response despite relatively slow enzymatic reaction rates (Inagaki et al., 1994) . Therefore, localization studies, as we present for PP1 in Purumeciam, should yield some clues to possible functional implications.
PP1 is a 3 6 -3 9 -~~, calmodulin-independent, Ser-Thr phosphatase which is inhibited by intrinsic inhibitor proteins 1-1 and 1-2 or by okadaic acid (for reviews see MacKintosh and MacKintosh, 1994; Cohen, 1991) , with pleiotropic effects in various systems (Brautigan, 1994; Shenolikar, 1994) .
By ELISA analysis of whole cells, isolated cilia, and deciliated cells, and by different immunolocalization methods, we found PP1 heavily enriched in cilia, in agreement with biochemical studies (Klumpp et al., 1990a) . With quantitative evaluation of immunogold labeling, we could pinpoint PP1 in cross-sectioned and longitudinally cut cilia and could determine its distribution. Our data support a role for PP1 in beat regulation of surface cilia, in which PPI occurs along their entire length. The data complement previous biochemical and physiological studies and add to our understanding of ciliary beat regulation.
Materials and Methods
Cell Cultures. Wild-type Paramecium tetraurefia cells of strain 7s were grown at 25'C to the early stationary phase, either as axenic cultures (Kaneshiro et al., 1979) or monoxenically in salad medium after inoculation with Enterobacter uerogenes (with equal results). Cells were washed in 5 mM PipeslHC1 buffer, pH 7.2, supplemented with CaC12 and KCI 1 mM each, and were harvested by centrifugation at 200 x g for 2 min in a Heraeus (Osterode, Germany) Megafuge 10.
Recombinant PP1, PP1 Peptides, and Antibodies. The following primary antibodies (Abs) from rabbit were used as antisera: Abs directed against the amino-terminal peptide sequence 1-18 (MSKDNKGEIDUDSHER) from the protozoan PP1 molecule (Abs designated anti-PPI-1 or a-PP1-l), Abs against the carboxy-terminal peptide sequence 301-320 (AEQGQGASQQ-NKAGSAKFVN) (designated anti-PPI-3 or a-PPI-3 Abs). Abs directed against the amino and carboxy terminals, and a diverged internal peptide sequence spanning amino acid residues 219-236 (ADWERGVSYVF SQEIVQV) of the PPase 1 molecule (designated anti-PPI-4 or a-PP1-4 Abs). The sequences are according to Friderich et al. (1992) . All peptides were coupled to bovine serum albumin (BSA) for immunization. Anti-PP1-7 Abs ( = a-PP1-7) are directed against the complete recombinant PP1 expressed in E. colt in an enzymatically inactive form. The correct sequence of the expression product was established by DNA sequencing and the SDS-PAGE-purified protein was used as an antigen. Recombinant PP1 contained a hexa-His tail connected to a factor Xa cutting site (IEGR) via a short linker (CQQQ). This added 1905 Da to the original molecular weight of 36 KD.
For controls, we preadsorbed diluted anti-PP1 ABS by mixing with purified PPl(25 pglml) for 90 min at O'C. PPI-AB complexes were removed by centrifugation at 90,000 x g for 20 min, and the supernatant was used for immunolabeling.
As second Ab derivatives, for immunodetection we used a goat antirabbit IgG-fluorescein isothiocyanate (FITC) conjugate from Jackson Immunoresearch Laboratories (Dianova; Hamburg, Germany) and a goat antirabbit IgG-peroxidase (POX) conjugate, also from Jackson. For labeling at the electron microscopic (EM) level, we coupled 6-nm colloidal gold (Aug) from Aurion (BioTrend; Koln, Germany) to protein A from Sigma (St Louis, MO), according to Slot and Geuze (1984) .
Electrophoresis and Western Blots. Protein samples were denatured by boiling for 3 min in sample buffer [0.2 M Tris-HCI, 1% sodium dodecyl-sulfate (SDS), 0.5% dithiothreitol, 10% glycerol, pH 8.01 and subjected to electrophoresis on 12.5 % SDS-polyacrylamide gels (PAGE) using the discontinuous buffer system of Laemmli (1970) . Before electrophoresis, samples were alkylated as described by Westermeier (1990) . Protein standards (LMW standards with 212-KD myosin added) were used according to the manufacturer's directions. Gels were either stained with silver according to Heukeshoven and Dernick (1986) or prepared for electrophoretic protein transfer onto nitrocellulose (NC) membranes (BA-85). Protein blotting was performed at 100 V constant for 1 hr. After transfer, NC membranes were stained with Ponceau S. The molecular mass of the proteins on gelslblots was determined according to Winston (1989) .
NC membranes containing the protein replicas obtained after SDS-PAGE and electrophoretic transfer were sectioned and blocked with 5% w/v nonfat dry milk in TBS (20mM Tris-HCI, 500mM NaCI, pH 7.4) three times for 20 min at room temperature (RT). The strips were rinsed twice with TBS. followed by incubation with antibodies against recombinant PPI. Abs were diluted 1:300 in 0.5% wlv nonfat dry milk and TBS and applied overnight at 4°C. Controls were run under identical assay conditions, but anti-PP1 Abs were omitted (application of goat anti-rabbit IgG-POX only). After extensive washing with TBS and incubation with goat anti-rabbit IgG-POX conjugate (diluted 1:5000 in 0.5% wlv nonfat dry milk and TBS) for 1.5 hr at RT, peroxidase was visualized by a 4-chloro-l-naphthol(O.O5%) reaction. After color development, the strips were rinsed with water and dried between sheets of filter paper.
Deciliation, Protein Determination, and ELISA. Cells contained in Pipes buffer (with CaC12 and KCI added as indicated above) were deciliated by two alternative methods. One method was by 15 mM MnC12 (Fukushi and Hiwatashi, 1970) . The other detergent-based method was developed for rapid and efficient deciliation without any visible impairment of cells. We used household detergent M14 (Martin & CO; Freiburg. Germany) at a final concentration of 0.01% vlv for 1 min. by adding a stock solution of 1%. (According to light microscopic inspection cells tolerate at most 2-min exposure to M14 without viability impairment.) Cells were pelleted by centrifugation at 200 g for 1 min. The resulting supernatant was centrifuged (Heraeus Megafuge M) at 4"C, first for 10 min at 2000 x g to remove discharged trichocysts, then at 4200 x g for 30 min to collect cilia. In the resulting supernatant, proteins were precipitated by 10% trichloroacetic acid. After 30 min. samples were centrifuged at 11,000 x g for 10 min, and then dissolved by adding 1 N NaOH to yield pH 7.0.
Protein was determined in duplicate with the protein concentration assay dye reagent from BioRad (Miinchen. Germany).
For ELISA, we applied 5 pg of protein from recombinant PP1 and from each of the sonicated fractions (i.e.. deciliated cells, cilia, deciliation supernatants) to wells of microtiter plates. After adsorption overnight at 4°C. wells were blocked with 3% wlv defatted milk powder in Tris-buffered saline (TBS) for 3 hr at RT. Then primary Abs, diluted 1:320 in TBS plus 1% milk powder. were applied overnight at 4'C followed by a TBS wash, and incubated with goat anti-rabbit IgG-POX (diluted 1:ZOoO) in TBS plus l0h milk powder for 3 hr at RT. Then o-phenylenediamine (0.04% wlv) was used as a substrate for 10 min and the reaction was stopped with 1% sulfuric acid. Experiments were done in duplicate. Absorbance was measured at 492 and 620 nm in a Titertek Multiskan MCCl340 from Flow Laboratories (Meckenheim. Germany). Immunofluorescence Localization. Cells were washed twice in Pipes buffer (plus CaClz and KCI, 1 mM each) and fixed for 10 min with 4% wlv freshly depolymerized formaldehyde with the following permeabilization agents added: 0.05% wlv digitonin, 1% w/v saponin, or O.OS% v/v Triton X-100. We also experimented with higher Triton concentrations. All steps were performed at RT. After washing in Pipes buffer, we applied 50 mM glycine and then 1% fah gelatin, 15 min each, in the same buffcr. POX-or Au-labeled samples were then washed first in Tris, then in cacodylate buffer. Au-labeled samples were postfixed for 15 min in 2.5% v/v glutaraldehyde and then for 60 min in 1% w/v 0~0 4 , both in cacodylate buffer. After washing in cacodylate buffer, samples were dehydrated in a graded acetone series and embedded in Spurr's resin. For further controls with nonpermeabilized cells, we applied one of the low-temperature procedures previously tested by Bittermann et al. (1992) , using Lowicryl KllM embedding at -60°C and gold conjugates of smaller size (to increase sensitivity). Ultrathin sections of -70 (50-90) nm, with silver interference color, were routinely stained with aqueous uryanyl acetate and alkaline lead citrate.
Analysis was performed in a Zeiss EM 912 Omega or EM 10 electron microscope. Gold labeling density was evaluated on several different sections for each experiment. Data referred either to area size, or, on strictly crosscut cilia, were evaluated with reference to defined ciliary substructures. with repeated stirring for 60 min. In controls, either the primary Abs were omitted or these were used after preadsorption with PPI. After two washes, goat anti-rabbit IgG-FIX: was applied for 60 min at RT in dilutions recommended by the manufacturer. Samples were washed twice, mounted in Mowiol (Hoechst; Frankfurt, Germany) supplemented with n-propyl-gallate (Sigma) and photographed under a Zeiss epifluorescence photomicroscope as indicated previously (Momayezi et al.. 1993).
Immuno-POX and Immunogold Localization. For permeabilized cells, fixation, permeabilization, and incubation with primary Abs (used after PPI preadsorption, omitted or replaced by preimmune sera in controls) were performed as for F I X labeling. Then cells were washed in 20 mM cacodylate buffer, pH 7.2, then in the same buffer with 1% milk powder added. All steps were done at RT unless otherwise indicated. Goat antirabbit IgG-POX, diluted 1:50, or protein A-gold (pA-Au6). diluted 1:20, was applied for 60 min under repeated gentle shaking. POX-labeled cells were incubated for 30 min with 3.3'-diaminobenzidine (DAB Sigma) 2 
Results

M14 Decifiation Method
Deciliation methods presently available either yield high numbers of cilia with more impurities or vice versa (Andrivon et al., 1983) . We developed a new deciliation method, using M14 as a mild detergent in the presence of the usual Ca2+ concentrations (-0.1 mM) in the culture medium. If carefully applied (see Materials and Methods), cell viability is not impaired.
ELISA Data
We ascertained Ab binding to recombinant PP1 ( Figure 1 ) and we analyzed the distribution of PP1 in cilia, deciliated cell bodies, and deciliation supernatant, after MnCl2 or M14 deciliation (Figures 1 and 2), respectively. Examples are shown only for anti-PP1-7 Abs, but all types of Abs showed the same tendency. The original antigen showed the highest reactivity ( Figure 1 ). Regardless of the deciliation procedure used, 15 mM MnC12 (Figures 1 and 2) or 0.019/0 of the detergent M14 ( Figure 2 ), and irrespective of the Ab employed, the highest concentration (based on 5 pg of protein per ELISA well) of PP1 immunoreactivity was found in cilia (56.7 f 1.4% and 51.5 f 2.4% for MnClz or M14 preparations, respectively). In the deciliation supernatant, 14.5 2 1.3% and 29.2 1.3% of PP1 were found, respectively, and the deciliated cell bodies contained the rest (28.8 2 1.8% and 19.3 2 2.7%, respectively). In the deciliation supernatant, a quite variable percentage of PP1 was found depending on the deciliation method used. Table 1 summarizes the content (rather than the concentration) of PP1 in cilia, deciliated cells, and deciliation supernatants, by multiplying ELISA readings by the protein content of each fraction. PP1 content was much higher in cell bodies (>SO% of total protein) than in cilia ( 7 4 % of protein; see footnote to Eble 1). Values for deciliation supernatants were variable depending on whether MnClz or M14 deciliation was used (6% or 11% of protein, respectiveli).
SDS-PAGE and Western Blot Analyses
Recombinant PP1 and cilia were subjected to SDS-PAGE and blotted onto NC membranes. Gels were stained with silver and blots with Ponceau S (Figures 3A and 3B) . Original PPI shows a heavy band of 38 KD (e.g., in Figure 3A ). i.e., 2 K D above a weaker band of 36 KD, which would be expected as the only band for PPI. This discrepancy is due to incomplete digestion with factor Xa after expression in E. cofi(see Materials and Methods) . Accordingly, in Figure 4 both bands are immunoreactive with recombinant PPI, but only the 36-KD band is stained in ciliary fractions. This is in contrast to the large number of intense protein bands in cilia ( Figure  3) . and therefore confirms the specificity of our Abs.
General Remarks on Immunolabeling Studies
Qualitatively similar results were obtained with all the procedures used and with all the Abs tested. 
Immunofluorescence Labeling
Figure 5 shows immunoreactivity ofsuperficial cilia. As shown with anti-PPI-1 Abs, cilia were labeled over their entire length at all sites on the cell surface. It appeared that ciliary basal bodies were occasionally labeled. This may be due to restricted depth of focus or to reasons discussed in the context of EM analyses (see below). Remarkably, the cytostome was also labeled. This area may therefore account for a considerable fraction of PPI reactivity detected by ELISA in deciliated cell bodies. Results were similar with all the Abs tested. The decrease in PPI antigen after detergent treatment, as detected by ELISA, is shown in Table 1 . This could also be observed in immunofluorescence when Triton X-100 was tentatively increased to 1%. Then labeling of cilia even completely vanished, although cilia still adhered to the cell (not shown). A high detergent concentration caused delocalization and spreading of the antigen from cilia into the cell body, which then exhibited artifactual labeling of substructures that were otherwise not labeled. The specificity of the immunofluorescence was ascertained by omitting the primary Ab (no labeling; not shown) or by application of Abs after preadsorption with recombinant PPI (Figure 6 ). In the latter case, only slight fluorescence persisted, particularly in the cytostome.
Immuno-POX Labeling
This method was applied because of easy Ab penetration and high sensitivity. In this case, permeabilization was accomplished by 1% saponin, which forms small pores. Again, cilia were labeled over their entire length. notably along their membranes (Figure 7 ). Basal bodies were not labeled, but some label was observed in the space between the somatic cell membrane and the alveolar sacs. Sporadically, excessive DAB reaction product formation entailed its deposition in the interior of cilia, but rarely inside cell bodies. Omission of primary Abs yielded negative results.
Colloidal Gold Labeling
The data presented thus far match well with these of colloidal gold labeling (Figures 8-14) . Although somewhat less sensitive than immuno-POX labeling, colloidal gold usually permitted more precise localization to submicroscopic structures. Relative labeling densities, indicated in Table 2 , should not be grossly influenced by section thickness, because this was fairly constant in the range of 70 ( 2 20) nm and because data were retrieved from as many cells as possible and from several sections in each case.
On cross-sectioned cilia, Au label was mainly associated with the periphery of the ciliary axonemes in proximal ( Figure 8 ) and distal (Figure 9 ) section planes. This was apparent even when the ciliary membranes were locally detached during permeabilization. Longitudinal sections showed the presence of gold label over the entire length of a cilium. At higher magnification, using anti-PP1-4 ( Figure 10) or anti-PPI-7 Ab (Figure 11 ), label was predominantly attached to peripheral microtubules or ciliary membranes, indicating PPI localization in the narrow space between ciliary membrane and axoneme. No longitudinal periodicity of gold labeling could be observed.
Two additional observations are made. (a) Occasionally we saw 0.05% v / v Triton X-100 (TX) or 0.02% v / v digitonin (DG) was used for permeabilization. CS or non-CS refers to cytostomal and to noncytostomal ( = cell surface) cilia. respectively. Percent values indicate relative frequency distribution of gold grains over certain structures observed in crosscut cilia as percent of total labeling over cilia.
The latter was determined as the ratio of grains counted (n) to numbers of cilia evaluated (N). n l N thus represents the average real density of Au grains achieved over one crosscut cilium. This is much lower, e.g.. in cytostomal cilia than in surface cilia. According to t-test, differences between nlNvalucs are statistically significant (p<O.Ol) labeling of the narrow space between the cell membrane and alveolar sacs (Figures 12 and 13 ). This agreed with data obtained by AB-POX labeling (Figure 7 ). (b) Ciliary stumps were occasionally labeled (Figures 12 and 13 ). Because this was not observed where cilia remained in place, this labeling may be due to resealing of ciliary membranes with PP1 still attached.
The cytoplasmic background of Au label was low, i.e., 0.06-0.16 Au grains/pm2, whereas for cilia we calculated Au grains/ pm2 (derived from 'lible 2). Statistical analysis of specific Au labeling obtained on strictly crosscut cilia is presented in Table 2 . We compared different Abs and permeabilization methods and eventually cytostomal and somatic cilia. Table 2 reveals the following details. (a) Cytostomal cilia were much less labeled than surface cilia (see "relative Au density" in 'lible 1). (b) Digitonin was not superior to Triton X-100 at low concentrations, i.e., 0.05%. (c) The structure most intensely labeled was the material in the narrow space between ciliary membranes and outer microtubule doublets. (d) Only anti-PPI-3 Ab yielded lower relative labeling density in the ciliary periphery (not shown). (e) In general, little label was directly associated with any of the microtubules, either peripheral or central, or with dynein arms.
Preformed exocytosis sites for trichocysts or the inner membrane of alveolar sacs were not labeled beyond background by any of the immunocytochemical procedures employed in this study.
Anti-PP1-7 and anti-PPI-4 Abs, after preadsorption with recombinant PPI, were applied to Triton X-100 (0.05%)-permeabilized cells ( Table 3) . Taking as a criterion the percentage of crosscut cilia with >3 gold grains, labeling was three-to fourfold less than with nonpreadsorbed Abs. Residual labeling may be ascribed to the difficulty in estimating stoichiometry. Therefore, in additional controls under otherwise identical conditions, we used preimmune sera, which resulted in absolutely negligible background with pA-Au6 ( Figure 14 ).
Control' of Antigen Redistribution
By the methods applied thus far, we cannot exclude some antigen redistribution, although PP1 clearly appeared to be concentrated at the periphery of cilia. This localization of PP1 was corroborated by postembedding Au labeling in Lowicryl KllM sections ( Figure  13 ). Although labeling density was much less than with preembedding procedures, Au grains were again associated predominantly with the periphery of cilia when such areas were exposed on a grazing section. On such cryofixed Lowicryl sections, we could recognize not only labeling of cilia but, to a small extent, also of the cytoplasm (not shown) and, within the nucleus, strong labeling of some loosely scattered nucleoli (Figure 16 ).
The sparsity of gold label outside cilia is in contrast to values of PP1 distribution in ELISA (Table 1) . This discrepancy can be easily reconciled if one considers that cell bodies represent the bulk of cell protein, i.e., 86.5% after MnC12 and 81.0% after M14 deciliation (see footnote to Table I ), whereas isolated cilia contribute only Figures 10 and 11. Ciliary labeling at high magnification. With both Abs used, anti-PPI-7 (Figure 10) and anti-PP1-4 Abs (Figure l l ) , labeling is associated with the space between outer axonemal microtubules and ciliary membranes (CIM, frequently detached due to digitonin permeabilization). Label is frequently detached due to digitonin permeabilization). Label is frequently associated with electron-dense materials (arrowheads) and shows no indication of periodic arrangement. In Figure 11 , marked areas indicate regions where a bent cilium emerges from the section plane, with heavily labeled peripheral regions. Also note that cilia are labeled throughout their length, from regions adjacent to basal bodies (BE) to more distal regions, e.g., -4 pm from a basal body in Figure IO. Bars = 0.2 pm. ,-,.*-. . A Figures 12 and 13 . Gold labeling of ciliary basal bodies (BE) at arrows and of the narrow space between plasma membrane (PM) and alveolar membranes (AM) at arrowheads is seen with anti-PP1-7 ( Figure 12 ) or anti-PP14 Ab (Figure 13 ). Digitonin permeabilization. The apical part of a basal body is typically labeled only when the cilium was broken off (BE. arrows). The interior of the cell is largely devoid of gold parlicles. Ban = 0.5 vm. " According to t-test. data obtained without or with prcadsorption arc statistically significant @<o.Ol). by 7.2% or 8.4%. respectively, tocell protein, the remainder being deciliation supernatant. At the EM level, cytostomal cilia were considerably less labeled than the surface cilia (Table 2 ). Their intense immunofluorescence may be explained by their dense packing.
Discussion
Thus far, no eukaryotic cell system is known that lacks PPI. This is not surprising when we consider the enormous array of different physiological functions of PP1 (for reviews see Brautigan, 1994; Shenolikar, 1994) . PPI has been identified not only in Paramecium (see Introduction) but also in flowering plants (Smith and Walker, 1991; MacKintosh and Cohcn. 1989) . yeast (Shimanuki et al., 1993; Kinoshita ct al., 1990) . Aspergdlus (Doonan and Morris, 1989) . insects (Axton ct al.. 1990) . and in various mammalian tissucs (Shima ct al., 1993b) . Among mammalian tissues, ciliatcd cpithclia havc not been spccifically analyzcd. A broad rangc of functions has been cstablished, e.g., rcgulation of mitosis (Shimanuki et al., 1993 : Axton ct al.. 1990 Kinoshita ct al., 1990; Boohcr and Bcach. 1989; Doonan and Morris, 1989) . in which it forms part of thc mitotic apparatus (Johnston ct al.. 1994) . and rcgulation of meiosis (Shima ct al., 1993a) . of actin filament polymcrization (Downcy ct al.. 1993; Fcrnandcz et al., 1990) . of myosin lightshain dcphosphorylation (Dcnt et al., 1992; Fcrnandcz ct al., 1990) or of glycogcn mctabolism (Schelling et al., 1988 ) (sec bclow). In mammals. multiple PPI cDNAs havc bccn idcntificd that arc frcqucntly diffcrcntially cxprcsscd in tissucs. Sclccted isoforms display differential subcellular localization and probably scrvc uniquc and important physiological functions. Bccausc of these pleiotropic cffccts of PPI, we carefully checked thc rcliability of our localization method and we looked for antigcnic sitcs throughout thc Parumecium cell.
Thc prcscncc of two PP1 isozymes has bccn biochcmically demonstratcd in Paramecium, whcrcas thc minimal numbcr of diffcrcnt gcncs for PPI is scvcn in this protozoan (Schultz ct al.. 1993) . Thc PP1 gcnc scqucnccs show a grouping into subclasscs, possibly pairs (Schultz ct al., 1993) . Thcsc pairs might rcprcscnt rcdundant gcncs for particular functions, as may be truc for somc PP1 gcncs in othcr organisms (Chcn ct al.. 1992 ). Most of thc Purumec:um PPI scqucncc aligns with corrcsponding mammalian, plant, and fungal gcncs, which only provcs, oncc morc, that PPI is onc of thc most conscrvcd cnzymcs known to date. Thc diffcrcnccs in thc amino acid scqucncc of Paramecium PP1 from othcr PP1 scqucnccs is grcatcst bctwccn amino acids 21 1-242 and at the amino and carboxy tcrminals, i.c., those rcgions that we uscd as haptens for pcptidc antibody generation. Thcrcforc, when probed by Westcm blots. thcse antibodies showcd grcat spccificity for the protozoan PPI of 38 K D comparcd to a bovinc retinal PP1 (data not shown). By ELlSA we demonstrated that, on the basis of protein content, approximately 70% of the total PPI was in the cell body. This is fully compatible with the immunocytochemical localization showing diffuse reactivity without any clear association with defined subcellular structures outside cilia (including cytostomal cilia). However, these data are at odds with biochemical studies of PPI distribution in Paramecium. In the latter studies, about 70% of all activity was found in the cilia. This discrepancy may be due to the presence of high molecular weight PPI complexes in the cell bodies reported for all cell extracts. These probably contain inhibitors and therefore are enzymatically inactive while retaining full immunoreactivity (Shenolikar. 1994) . In fact, the high percentage of PPI in the cell body is reassuring in that, as in other cells, this enzyme carries several important functions in Paramecium, in addition to its indisputable role in ciliary operation. Considering the presence of at least seven PPI genes in Paramecium (Schultz et al., 1993) . one is tempted to speculate that some isoforms are differentially expressed during the cell cycle, whereas others are targetted to particular functions. The small differences in amino acid sequences of PPI isozymes may well be sufficient to account for functional diversity. However, they are not sufficient for immunological discrimination with the Abs used here.
It has been shown that PPI is the only protein phosphatase of Paramecium to be sensitive to inhibition by okadaic acid (Klumpp et al.. 1990a) . Okadaic acid did not affect normal forward swimming, but it sustained depolarization-induced backward swimming (Cohen et al., 1990; Klumpp et al., 1990a) . Because this swimming response is mediated by a Ca2+ influx via voltage-sensitive Ca?' channels in the ciliary membrane (see Introduction), this effect has been explained by inhibition of PPI-mediated Ca2' channel deactivation in Paramecium. Our EM localization studies support this assumption, because in all instances we found that the A bs against PPI predominantly (m70%) bound to materials adhering to the outerside of the peripheral axonemal microtubules or to adjacent parts of the ciliary membrane. The space between these two structures is too narrow to allow a more precise assignment ofgold labeling. Although some labeling more internally of the cilium could not be completely excluded, undoubtedly by far the most antigenic sites occur at the periphery. The cilia were labeled along their entire length. This might, although rather indirectly, indicate that the voltage-dependent Ca2+ channels are also distributed over the entire ciliary membrane. It has been reported that several axonemal proteins including the dynein arms of Paramecium can be phosphorylated in vitro. However, we did not observe any selective immunolabeling of axonemal dynein by anti-PP1 Abs. Although those binding sites might be too scarce. the lack of selective labeling of axonemal dynein corresponds to current views of axonemal dynein regulation (Mitchell, 1994) . A notable observation was that I Figure 16 . Same preparation a s in Figure 15 , showing labeling of three nucleoli (Nl, Nz, N3) . Dark spots are chromatin. Bar = 0.1 pm cytostomal cilia were much less labeled than the other cilia. Because cytostomal cilia are incapable of ciliary reversal, perhaps because they lack the Ca2+ channel in their membrane, this supports the above hypothesis of Ca2+ channel regulation via phosphorylation/dephosphorylation cycles involving PPI.
Occasionally we encountered gold particles in the space between the cell membrane and the outer alveolar membranes. We were very much interested in analyzing this aspect more carefully, for the following reasons. Alveoli are subplasmalemmal calcium storage compartments ( l n g e et al., 1995; Stelly et al., 1991) . In some mammalian cells, PP1 regulates plasmalemma1 Ca2+ channels (Murata et al., 1993; Obara and Yabu, 1993) and in the SR of striated muscle PP1 regulates phosphorylation of subunits of Ca2+ release channels (Lai et al., 1993) or of accessory protein phospholamban (Steenaart et al., 1992) . and therefore might be important for activation/deactivation cycles. We could not exactly determine, however, which one of the two membranes was labeled, because labeling was too sparse and too irregular and because these membranes are too closely apposed. POX-labeled Abs also showed some labeling of the cell surface membrane complex outside cilia. However, DAB reaction product is lipophilic and notoriously diffuses in lipid bilayers.
By immuno-EM analysis of Lowicryl sections from cryofixed and freeze-substituted cells, we could ascertain that the periphery of cilia. notably of those of the somatic surface, is selectively labeled. However, we also saw some cytoplasmic labeling that was difficult to pinpoint to certain organelles, although we could clearly see labeling of nucleoli. Although this was not recognizable in fluorescence analysis of permeabilized cells, it would be in line with the fivefold enrichment of PPI in nuclei from rat liver (Kuret et al.. 1986 ).
Only by combining widely different methods, cell fractionation as well as pre-and post-embedding labeling procedures of different kinds, was it possible to localize an antigen like PP1 with some confidence.
